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ABSTRACT
SORPTION TEMPERATURE AND THE STABILITY OF IRON-BOUND SOIL
ORGANIC MATTER
MAY 2019
MICHAEL L. NGUYEN, B.Sc., JUNIATA COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Drs. Boris L.T. Lau and William C. Hockaday
The preservation of soil organic matter (SOM) is an important control on the
global cycling of carbon. Long-term preservation of SOM has important implications on
soil fertility and climate regulation. Minerals, such as iron oxides, can react with SOM
and serve as a preservation mechanism for SOM. Globally, iron oxide-SOM interactions
form a “rusty carbon sink” which protects up to 22% of organic carbon in marine
sediments. Climate changes, such as warming, may alter the size or efficacy of the “rusty
carbon sink.” The effects of temperature, SOM composition, and mineral particle size on
the formation and stability of iron oxide-SOM associations were investigated through
batch sorption experiments, incubation experiments, and thermal analyses. The sorption
extent of humic acid (HA) to microphase hematite was greater than that of fulvic acid
(FA). The sorption extent for both HA and FA was found to be independent of
temperature. The incubation and thermal analysis of microphase hematite-bound SOM
suggested that HA is more biologically stable and less exergonic upon decomposition
than FA, but there were no relationships with stability and sorption temperature. When
normalized to specific surface area, the sorption extent of HA to nanophase hematite had
a greater sorption extent than microphase hematite, but the sorption extent of nanophase
hematite was also found to be temperature-independent. These results suggest that the
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size and efficacy of the “rusty carbon sink” may remain unchanged with warming
climates. Furthermore, these results highlight (1) the importance of indirect temperature
effects such as increased weathering and precipitation reactions which can alter the
particle size distribution of soils and sediments and (2) SOM composition over direct
sorption temperature in understanding future SOM dynamics.
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CHAPTER 1
BACKGROUND
1.1

Motivation
The preservation of soil organic matter (SOM) is an important control on the

global-scale cycling of carbon and nitrogen and plays a key role in maintaining soil
fertility and regulating climate (Post et al., 1982; Sollins et al., 1996). The decomposition
of SOM by micro-organisms releases energy and nutrients which support the food web
and ecosystem services (e.g., food, fiber), but rapid degradation of SOM increases the
rate of carbon dioxide respiration and can negatively affect the long-term fertility of soil
and alter the climate. Climate changes, like warming, may affect SOM dynamics which
could alter the carbon storage capacity of soils and sediments. It is currently unknown if a
shift in SOM dynamics due to temperature fluctuations will produce beneficial negative
feed-back cycles or detrimental positive feed-back cycles. The key to elucidating the
response of SOM dynamics to warming may be to examine the processes that regulate
SOM cycling at a finer scale or in controlled systems (Davidson and Janssens, 2006).
1.2

Iron Oxide Mineral–Organic Associations
The surfaces of minerals naturally react with SOM to form mineral–organic

associations (MOAs) which serve to reduce the accessibility of SOM to microbial
decomposition and extend its residence time (Guggenberger and Kaiser, 2003; KögelKnabner et al., 2008; Mikutta et al., 2007; Schimel et al., 1994). The iron oxides are a
group of ubiquitous minerals that have a high-affinity (Gu et al., 1994, 1995) and a high
sorption capacity for organic carbon (Tipping, 1981; Kaiser, 2003; Kaiser &
Guggenberger, 2007). Upwards of 22% of the total organic carbon found in marine
1

sediments were reported to be directly bound to iron oxides (Lalonde et al., 2012). The
tightly-coupled association between iron oxides and organic carbon is often referred to as
the “rusty carbon sink”. A warming climate may alter the efficacy and size of the “rusty
carbon sink.” This work focuses on understanding the effects of temperature, SOM
composition, and mineral particle size on the formation (i.e., sorption) and stability (i.e.
resistance to biological and thermal oxidation) of iron oxide-MOAs to elucidate the
response of the “rusty carbon sink” to a warming climate.
1.3

Model System Approach
Soils are complex evolving systems with numerous processes occurring

simultaneously. A single process needs to be identified and studied at finer scales in order
to fully understand the governing mechanisms, because the natural processes in soils
(physical, chemical, and biological) occur on global scales. In this work, a model or
representative mineral (hematite) and SOM (humic and fulvic acids) were selected to
isolate the effects of temperature on their interactions (i.e., sorption).

2

CHAPTER 2
IS THE ADSORPTION OF SOIL ORGANIC MATTER TO HAEMATITE
TEMPERATURE DEPENDENT?
2.1

Abstract

Soil organic matter interactions with minerals are a key determinant in the long-term
protection and sequestration of carbon in soils and sediments. Climate warming could
potentially alter the dynamics of the Earth’s largest carbon pools through processes
controlling the formation of mineral–organic associations (MOAs). We studied the
adsorption of Elliott soil humic acid (HA) and fulvic acid (FA) to the iron oxide mineral
haematite (α-Fe2O3) at temperatures from 15 to 35°C through batch sorption experiments.
The ΔG°, ΔH° and ΔS° of sorption were derived for HA and FA and suggested that
formation of MOAs was spontaneous and exothermic. The Langmuir sorption
coefficients for HA and FA decreased with warming, but the maximum sorption
capacities were not temperature dependent. The decrease in sorption coefficient was less
when the temperature was increased from 30 to 35°C than from 15 to 30°C. Our infrared,
ultraviolet and visible spectroscopy analysis of the bound and unbound HA and FA
revealed preferential adsorption of oxygen- and hydrogen-substituted aromatic and
aliphatic carbon, which was independent of temperature. The adsorption of a
hydrophobic probe molecule, Rose Bengal, to haematite increased with warming. Our
results suggest that (i) MOAs in warmer climates might be less sensitive to temperature
changes, (ii) the amount of iron oxide-associated organic matter might remain unchanged
with warming and (iii) hydrophobic interactions with iron oxides may be temperature
dependent.
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2.2

Introduction

The preservation of soil organic matter (SOM) is an important control on the global-scale
cycling of carbon (C) and nitrogen (e.g. Sollins et al., 1996). One mechanism for the
preservation of SOM is through the formation of mineral–organic associations (MOAs).
Mineral surfaces have been found to protect SOM from decomposition and can extend
the residence time of SOM from days to millennia (e.g. Keil et al., 1994; Schimel et al.,
1994; Kaiser & Guggenberger, 2003). The stability of SOM has been the focus of many
short- and long-term temperature studies to understand the effects of warming on future
C dynamics (e.g. Conant et al., 2008b; a, 2011). Despite attempts to elucidate the effects
of temperature on the dynamics of SOM decomposition, a consensus has not been
reached because of contradictory field and laboratory results (e.g. Giardina & Ryan,
2000; Davidson & Janssens, 2006; Kirschbaum, 2006; Conant et al., 2011). One
proposed approach for elucidating the response of soil C to temperature changes is to
examine the ecosystem processes independently that affect SOM quality (i.e. availability
and stability) such as the physicochemical processes of adsorption and desorption
(Davidson & Janssens, 2006).
The sorption of organic matter to clay minerals and metal oxides, specifically iron oxides,
have been well documented (e.g. Keil et al., 1994; Bock & Mayer, 2000; Wagai & Mayer,
2007; Arnarson & Keil, 2007). Iron oxides are ubiquitous in nature and have been reported
to have a large sorption capacity of 110–140 mg organic C g-1 oxide or 1.5–1.9 mg organic
C m-2 (Tipping, 1981; Kaiser, 2003; Kaiser & Guggenberger, 2007). Haematite, one of the
most common iron oxides in soil, has a strong affinity for organic C and almost irreversible
interactions with SOM (Gu et al., 1994, 1995). Collectively, the iron oxides have been
4

estimated to be bound directly to ~21.5% of organic C in marine sediments (Lalonde et al.,
2012) forming a ‘rusty C sink’. The importance of iron in the protection of organic C has
been established in soils (e.g. Kaiser & Guggenberger, 2000; Wagai & Mayer, 2007) and
sediments (e.g. Lalonde et al., 2012), but important questions remain regarding the effects
of changes in climate, such as warming, on the tightly-coupled biogeochemical cycling of
iron and C.
The theoretical and experimental effects of warming on the sorption kinetics and
equilibrium of organic micropollutants were first summarized by ten Hulscher &
Cornelissen (1996) and were later used by Conant et al. (2011) to derive a conceptual
framework for identifying processes that control SOM stability. The authors categorized
the binding of sorbate to sorbent into high- and low-affinity reactions (Table 1). Highaffinity interactions (i.e. fast reactions) are regulated by thermodynamics and can
experience decreases, increases or no change in sorption with warming, depending on the
primary mechanisms (ten Hulscher & Cornelissen, 1996). Enthalpy-driven, high-affinity
interactions can be viewed from a reversible equilibrium perspective and their temperature
sensitivity can be understood through Le Chatelier’s principle (Equation (1)). For
exothermic reactions, an increase in temperature shifts the equilibrium constant (K)
towards the SOM and minerals (i.e. desorption). For endothermic reactions, an increase in
temperature shifts K towards the MOAs (i.e. adsorption). The relation between sorption
coefficient (K) and temperature can be observed in Equation (2) where K is the sorption
coefficient, ΔH° is the change in enthalpy in J mol-1, ΔS° is the change in entropy in J mol1

, R is the gas constant 8.314 J mol-1 K-1 and T is temperature in Kelvin. In an exothermic

process, ΔH° is negative, therefore increasing T will decrease K. Because adsorption is
5

generally an exothermic process, sorption through van der Waals forces, hydrogen
bonding, dipole–dipole interactions, or in a few cases covalent bonding, is expected to
decrease as a function of temperature (ten Hulscher & Cornelissen, 1996).
heat

[MOA]

𝐾 = [SOM][Minerals] where [SOM] + [Minerals] ↔ [MOAs]

ln 𝐾 = −

∆𝐻°
𝑅𝑇

+

∆𝑆°
𝑅

.

.

(1)
(2)

High-affinity sorption can also result in increases or no change in sorption (Table 1).
Although enthalpy-driven covalent bonding can decrease with warming, they are generally
not expected to change as a function of temperature because the bonds are almost
irreversible in short time frames (Conant et al., 2011a). Similarly, enthalpy-driven ligand
exchange reactions can decrease with warming, but because of the decrease in their
relatively large activation energies, warming could increase ligand exchange-driven
sorption (Conant et al., 2011). For the entropy-driven hydrophobic interaction, there were
no strong trends reported with temperature which was attributed to ΔH° nearing zero (ten
Hulscher & Cornelissen, 1996). It is worth noting that ten Hulscher & Cornelissen (1996)
averaged the ΔH° values for several organic micropollutants and that the reported values
ranged from −25 to +28 kJ mol-1. The wide range in ΔH° values might suggest that
hydrophobic interactions can be temperature sensitive and compound specific. In fact, in a
study characterizing the adsorption of hydrophobic and hydrophilic micropollutants on to
activated C, Nam et al. (2014) reported an increase in adsorption of hydrophobic
compounds at higher temperatures. The role of hydrophobic interactions in a warming
climate might be underestimated based on previous assumptions.

6

Low-affinity interactions (i.e. slow reactions) regulated by diffusion are expected to
increase with warming (Table 1). The temperature sensitivity of diffusion is described by
the Stokes–Einstein equation (Equation (3)) where D is the diffusion coefficient, KB is the
Boltzmann constant, T is temperature, 𝜂 is the dynamic viscosity and r is the radius of a
spherical particle. In this relation, T is directly proportional to D, causing an increase in the
diffusion of a sorbate with temperature. Diffusion is also expected to increase because of
reduced sorbate rigidity (i.e. steric effects) at higher temperatures (ten Hulscher &
Cornelissen, 1996). In addition to faster diffusion, the desorption of high-affinity sites at
higher temperatures can lead to unoccupied surface sites for the adsorption of low-affinity
reactions, increasing the contribution of low-affinity interactions to net sorption.

𝐷=

𝑘B 𝑇
6𝛱𝜂𝑟

.

(3)

The magnitude and sign of the contributing high- and low-affinity interactions ultimately
determines the net effect of temperature on sorption. ten Hulscher & Cornelissen (1996)
suggested that net sorption is almost independent of temperature for reactions with short
equilibration times (minutes to hours), because low-affinity responses to warming cancel
out that of the high-affinity responses. Complex heterogeneous mixtures such as humic
substances—the primary component of SOM—warrant further investigation to determine
the temperature dependence of MOAs.
Haematite–SOM interactions provide a relevant system for the study of temperaturedependent sorption because the primary mechanisms of interactions are known,
equilibration time is considered short (~18 hours), and previous studies have found that the
amount of C lost during desorption may be minimal (Gu et al., 1994, 1995). In their studies,
7

Gu et al. (1994, 1995) described the sorption of natural organic matter on to haematite as
a function of pH. In this study, we focused on the role of temperature on the sorption
isotherms of haematite and SOM. We hypothesized that haematite will exhibit (i) a
decrease in K with warming because of the exothermic behaviour of adsorption and (ii) no
relation between the maximum sorption capacities (Qmax) and warming because lowaffinity responses to warming are expected to cancel out that of the high-affinity responses.
Deviations from our hypotheses might suggest the effect of forces that have been
underestimated such as the temperature sensitivity of hydrophobic interactions.
We addressed two questions: (i) how does temperature affect the formation of mineral–
organic associations, specifically the effects of temperature on the adsorption and
desorption of humic substances to and from haematite and (ii) what are the specific
interactions responsible for the changes in MOAs? We did a series of batch sorption
experiments at five temperatures to simulate the interactions between soil humic and fulvic
acids and haematite. Total organic carbon analysis was performed on the aqueous
supernatant to determine the extents of adsorption and desorption. Characterization of the
SOM was done through infrared and UV–vis spectroscopy. A sorption study of a
hydrophobic model compound was conducted to determine the sensitivity of hydrophobic
interactions to temperature. From these data, we provide insight into changes in MOAs
with warming.
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2.3
2.3.1

Materials and methods
Preparation of haematite and humic and fulvic acids

Commercial-grade haematite (Sigma Aldrich, Saint Louis, MO, USA); ≥99% α-Fe2O3,
5.5 m2 g-1 BET surface area, particle size <5 µm was used without further purification. A
suspension of haematite was made with ultrapure water (Milli-Q™), stored in the dark
and stirred before each experiment. Elliott Soil humic acid (HA) and fulvic acid (FA)
standards (International Humic Substances Society) were dissolved in ultrapure water (18
MΩ), stored in the dark for 48 hours at 4°C, filtered through a 0.200 µm nylon membrane
(Whatman) and analysed for C content on a Shimadzu TOCV (Kyoto, Japan). Prior to
each experiment, the stock solutions were poured into clean beakers, covered and
warmed or cooled to the desired temperature.

2.3.2

Adsorption and desorption experiments

The adsorption of HA and FA to haematite was done in a similar way to that described by
Gu et al. (1994). While stirring, the haematite suspension, SOM solutions and ultrapure
water were pipetted into amber glass vials to achieve a final volume of 30 ml. The final
concentration of haematite in solution was 2 g l-1, and the concentrations of HA and FA
ranged from 0–45 mg C l-1. The ionic strength of the final suspension was adjusted to 10
mM NaCl. The pH was adjusted using 0.1 M HCl and NaOH to ~5 using an Orion
(Model A211, Waltham, MA, USA) pH meter and remained within 0.15 of the initial
value throughout the experiment. Haematite is positively charged at pH 5 (Hesleitner et
al., 1987) which creates a favourable condition for the adsorption of the negatively
charged SOM and enables the detection of subtle changes in sorption capacity as a
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function of temperature. The suspensions, together with the controls for haematite and
SOM, were shaken and incubated at 15, 20, 25, 30, and 35 ± 0.1°C for ~24 hours to allow
equilibration (Gu et al., 1994). After ~24 hours, the aqueous supernatant was decanted,
filtered through a 0.200 µm nylon membrane to remove mineral particles and stored in
the dark at 4°C until further analysis. The mineral fraction was air-dried to remove excess
water and then stored in the dark at 4°C until further analysis. Adsorption experiments
were done in triplicate.
The desorption of SOM from haematite was carried out at 35°C as described by Gu
et al. (1994). After the adsorption period, 12 ml of the supernatant was pipetted out of the
glass vials and replaced with the same volume of ultrapure water at the same ionic
strength and pH conditions. After ~24 hours of shaking and incubation, the supernatant
was removed and filtered through a 0.200 µm nylon membrane to remove mineral
particles. Le Chatelier’s principle (Equation (1)) suggests that desorption occurs at higher
temperatures; therefore, our desorption experiments focused on the highest sorption
temperature first. A statistically insignificant (P >0.57) Student’s t-test between the
adsorption and desorption values at 35°C suggests that desorption at cooler temperatures
would also be insignificant, because desorption is less favourable at lower temperatures.
Desorption experiments were also done in triplicate.

2.3.3

Total organic carbon analysis

The adsorption and desorption of SOM to and from haematite was determined through
total organic C analysis (TOC) of the supernatant solutions. The filtered aqueous
supernatants were measured on a Shimadzu TOCV instrument for organic C content. The
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instrument has a detection limit of 4 µg l-1 and a maximum coefficient of variation of
1.5%. The mass of adsorbed SOM was calculated by subtracting the final equilibrium
concentration of the samples (Ce) from the controls and multiplying by the volume. Mass
loss from desorption was also determined using TOC. The final mass of sorbed SOM was
calculated by subtracting the mass loss during desorption from the initial adsorbed mass.
The supernatant solutions were stored overnight in the dark at 4°C and allowed to warm
to room temperature prior to measurement.

2.3.4

UV–vis spectroscopy

Ultraviolet and visible (UV–vis) absorption spectra of the aqueous supernatants were
recorded on an Agilent 8453 UV-Visible Spectrophotometer (Waldbronn, Germany)
using 1-cm quartz cuvettes. The absorbance spectra for the filtered haematite controls
were subtracted from the samples to account for residual mineral particle contribution.
The absorbance of a given sample at 254 nm was standardized by the TOC (mg l-1) of the
sample to obtain the specific UV-absorption (SUVA 254) value. Two random samples
near Qmax conditions for each temperature condition for both SOM fractions were
measured three times.

2.3.5

Infrared spectroscopic analysis

The characterization of the adsorbed and supernatant SOM were done using infrared
spectroscopy. Two random samples near Qmax conditions were selected for attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) analysis. A
PerkinElmer Spectrum One FTIR spectrometer (Waltham, MA, USA), equipped with a
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lithium tantalate (LiTaO3) detector and a one-reflection horizontal ATR accessory with a
diamond-ZnSe crystal (Shelton, CT, USA), was used to record all ATR-FTIR spectra.
Data collection and spectral calculations were performed using the Spectrum software
(PerkinElmer). A spectrum was obtained by recording 250 scans with a spectral
resolution of 4 cm-1 between 650 and 4000 cm-1 at a scan speed of 1.0 cm s-1.
Atmospheric background and haematite spectra were subtracted from the samples.
Spectra reported were baseline adjusted by the software. The reported absorbance
intensities were standardized to the C concentration of the samples.

2.3.6

Hydrophobic model compound adsorption

In this experiment, Rose Bengal dye (RB) was used to investigate the role of temperature
in hydrophobic effects. The adsorption of RB was measured at the same temperatures,
solution chemistry and solid-to-liquid ratio described above. The hydrophobicity
experiments were carried out in a similar way to that described previously by Xiao &
Wiesner (2012). After warming or cooling the solutions to the desired temperature, the
stocks and suspensions were mixed to obtain a final concentration of 2 g l-1 haematite and
20 mg l-1 RB. After 3 hours, the samples were centrifuged, and the supernatants were
collected. The absorbance recorded at the wavelength of λ = 549 nm was used to determine
the concentration of RB. The relative hydrophobic interactions with haematite were
estimated as the sorption capacity at each temperature. The RB adsorption experiments
were done in triplicate.
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2.3.7

Particle-size analysis

A particle-size study of the <0.2 µm fraction was done to determine if the warming or
cooling of the haematite prior to the introduction of SOM affected sorption capacity
through particle aggregation or disaggregation. Although the particle-size study
represented only the < 0.200-µm fraction of haematite, this fraction provided a good
representation of the behaviour of bulk haematite, because smaller particles contribute
more to overall surface area-to-volume ratio than larger particles. Ultrapure water and the
haematite solutions were added to amber glass vials, adjusted for the same ionic strength
and pH conditions as in the adsorption experiments and incubated for ~24 hours. Particles
larger than 0.200 µm were filtered out prior to incubation to prevent settling during
measurements and to improve the scattering signal. The samples were pipetted into
polycarbonate disposable 1-cm cuvette and hydrodynamic diameter was measured with a
Malvern Zetasizer NS (Malvern Instruments, Malvern, U.K.).

2.3.8

Plotting, calculations and statistical analysis

Statistical analyses and plotting of data were performed with Origin (Version 9.3,
OriginLab, Northampton, MA). The sorption isotherms were plotted as adsorbed C against
Ce. To determine the appropriate sorption model and to calculate the sorption parameters,
the sorption data were fitted to the linear forms of the Langmuir (Lineweaver–Burk
lineation) and Freundlich models. Linear regressions were performed on the scatter of data
points, and the model with the largest overall R2 was used to describe the isotherm. From
the regressions, the estimated slopes and y-intercepts together with their standard errors
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(e.g. slope, slope ± standard error) were used to derive three values of K and Qmax. The
plots of K and Qmax represent the average value accompanied by standard error bars.
The derivation of thermodynamic parameters from isotherm fitting requires K to be
dimensionless. The conversion of K from litre g-1 to its dimensionless form followed the
procedure of Zhou & Zhou (2014). The derived K values were multiplied by the molecular
weight of the SOM and by a constant of 55.5. The average molecular weights of soil HA
(18.3 kDa) and FA (10.8 kDa) reported by Perminova et al. (2003) were used in our
calculations. The dimensionless K values were then used to derive the thermodynamic
parameters of sorption. The change in Gibbs free energy (ΔG°) of adsorption was
calculated as follows
(4)

∆𝐺° = −𝑅𝑇ln𝐾,

in which R is the ideal gas constant 8.314 J mol-1 K-1, T is temperature in Kelvin, and K is
the sorption coefficient. The ΔH° and ΔS° were derived using Equation 2. The regression
parameters from the van’t Hoff plot together with their standard errors were used, as
described above, to calculate the average values of ΔH° and ΔS° and their subsequent
standard deviations.
Comparison of data sets (e.g. adsorbed C between different temperatures) were done using
the Student’s t-test with the assumptions that the data had a normal distribution, the sample
size was adequate, and there was equal variance between data sets. The P-value was
obtained from a two-tail calculation at a 95% confidence interval.
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2.4
2.4.1

Results and discussion
Temperature-Dependent binding affinity, temperature-independent sorption
capacity

The adsorption of HA and FA to haematite were fitted to the linear forms of the Langmuir
(Lineweaver–Burk lineation) and Freundlich models (Table 2, Figure 1). The isotherms
were described best by the Langmuir model (dashed lines in Figure 2), based on the
regression results. The model parameters K and Qmax and the derived thermodynamic
parameters ΔG°, ΔH° and ΔS° are listed in Table 3. The adsorption isotherms for HA and
FA at all temperatures showed an initial steep slope followed by a plateau at larger
equilibrium concentrations suggesting high affinity interactions between the substrates.
This is consistent with the behaviour of adsorption of humic substances on to oxide
substrates (Parfitt et al., 1977; Gu et al., 1994, 1995). The K and Qmax parameters were
larger for HA than FA at most temperatures. Our results are consistent with Ko et al. (2005)
who examined the adsorption of soil HA and FA on to haematite as a function of pH and
size fraction. The SOM fractions with greater aromaticity (e.g. HA) have been suggested
to be more hydrophobic and their acidic functional groups might have greater complexation
with mineral surfaces (McKnight et al., 1992; Zachara et al., 1994), therefore we expected
more adsorption of HA than FA. The desorption of HA and FA from haematite (Figure 3)
at 35°C was minimal and not significantly different (Student’s t-test, P ≥ 0.573). Our
desorption results were consistent with those of Gu et al. (1994, 1995) who reported a
strong hysteretic adsorption–desorption of bulk and fractionated NOM.
The derived thermodynamic parameters for both systems suggest that the adsorption of
HA and FA to haematite were spontaneous and exothermic processes (Table 3). The ΔG°
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for HA and FA were similar and ranged from ~−27 to −31 kJ mol-1. Our ΔG° values were
consistent with those of Gu et al. (1994) who reported ΔG° values of ~−35 kJ mol-1 for the
adsorption of bulk aquatic natural organic matter and aquatic FA to haematite. We expected
differences in the absolute values based on the different sources and fractions of organic
matter used in the studies. Gu et al. (1994) also showed that the ΔG° derived from K
accorded well with those measured by microcalorimetry with a difference of ~10 kJ mol -1
between the two methods. It is important to note that in their study, Gu et al. (1994) used
K with units of l g-1 to derive ΔG°. We recalculated ΔG° for their sorption system using
the conversion method described by Zhou & Zhou (2014), assuming an average molecular
weight of 2.19 kDa and 2.31 kDA for bulk aquatic natural organic matter and aquatic fulvic
acid, respectively (Perminova et al., 2003) (Table 4). When recalculated, the K-derived
ΔG° differed from the microcalorimetry-measured ΔG° by ≤1 kJ mol-1. The consistency
between the two methods of obtaining thermodynamic parameters demonstrated by Gu et
al. (1994) suggests that our K-derived thermodynamic parameters are appropriate
estimates.
The enthalpy and entropy of adsorption were derived from the slope of the van’t Hoff
plot (Figure 4). The negative ΔH° confirms our previous assumption that the adsorption of
SOM to haematite is exothermic. The ΔH° of HA is slightly larger than that of FA which
suggests the former process may be more exothermic than the latter (Table 3). The ΔS° for
HA and FA are both negative, which is consistent with increasing order of the system
through adsorption. Based on these thermodynamic parameters, HA and FA are expected
to respond similarly to warming.
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A plot of K against temperature shows that for both HA and FA, the sorption coefficient
decreases as a function of temperature (Figure 5). For HA, the change in K decreases from
−1.12 × 104 to −3.68 × 103 °C-1 at higher temperatures, whereas for FA the slope decreases
from −5.63 × 103 to −2.41 × 102 °C-1 at higher temperatures (Table 5). This suggests that
the formation of MOAs could become less temperature sensitive in warmer climates. The
relation between K and temperature followed Le Chatelier’s principle for an exothermic
process, but Qmax generally showed no changes with warming (Figure 5). This trend is more
prominent in the adsorption of FA than HA. Across all temperatures, Qmax remained
relatively constant at ~3.25 mg C g-1 haematite for FA. From 15 to 30°C, Qmax had a similar
temperature-independent relation to that for HA, remaining relatively constant at ~4.0 mg
C g-1 haematite. The large sorption capacity at 35°C appeared to challenge this
interpretation, but a Student’s t-test of Qmax values between 15 and 35°C (P = 0.189) and
between 30 and 35°C (P = 0.239) revealed that the values were not significantly different.
Because HA and FA are expected to respond similarly to warming, we would also expect
Qmax for HA to be temperature independent. The maximum sorption capacity is controlled
by the available surface area of the mineral substrate. In our study, there was no
temperature effect on particle size or aggregation (Figure 6) to suggest changes in the
available surface area, therefore it is reasonable to suggest that Qmax does not depend on
temperature. The lack of response of Qmax to warming was probably because of less
extensive desorption of SOM. This supports the idea proposed by ten Hulscher &
Cornelissen (1996) that for short equilibration times, low-affinity responses to warming
cancel out those of the high-affinity responses.
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2.4.2

Preferential sorption of SOM was not temperature dependent

Infrared spectroscopy provides a way to assess directly the composition of MOAs by
measuring the characteristic stretching and bending of covalent bonds in the organic
matter–mineral surface. From the comparison of ATR-FTIR spectra of pure Elliot soil
HA and FA to the haematite-associated counterparts, we assessed the selectivity of
MOAs for certain types of organic structures (Figure 7). A thorough discussion on the
spectra of natural organic matter-bound iron oxide have been described previously (Gu et
al., 1994, 1995, Qin et al., 2015, Adhikari & Yang 2015), therefore we focus here on the
relative changes in peak intensities and shifts as a function of temperature. The major
absorbance bands in the HA and FA standards include 3040 and 3070 cm-1 (aromatic C–
H stretching), 2930 and 2936 cm-1 (aliphatic C–H stretching), 2053 cm-1 (aromatic C–H
bending), 1708 and 1714 cm-1 (carboxyl and ketonic carbonyl stretching), 1610 cm-1
(aromatic C=C vibration, C=O stretching of H-bond quinones), 1419 and 1423 cm-1
(symmetrical stretching of COO–, OH deformation, C–O stretching of phenolic groups
and C–H bending in alkanes), 1218 and 1222 cm-1 (C–O stretching and O–H deformation
of carboxylic acid groups) and 1035 cm-1 (stretching of carbohydrate or alcoholic C–O)
(Lumsdon & Fraser, 2005; Baigorri et al., 2009; Qin et al., 2015). From the spectra of the
mineral-bound SOM, we observed only four primary peaks identified in the standards:
1620 (aromatic), 2040 (aromatic), 2930 (aliphatic) and 3030 cm-1 (aromatic), which
might suggest the preferential adsorption of aliphatic and aromatic C relative to the
carboxylic, ketonic and phenolic C found in the standards. The standardized peak
intensities at 15, 25 and 35°C for both adsorbed HA and FA suggest that temperature
does not affect the preferential adsorption of these C moieties. The ATR-FTIR spectra for
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the supernatant SOM further supports this observation. Two major peaks were observed
in the supernatant spectra: 1420 cm-1 (symmetrical stretching of COO–, OH deformation,
C only O stretching of phenolic groups and C only H bending in alkanes) and 1620 cm-1
(aromatic C=C vibration, C=O stretching of H-bond quinones) (Figure 8). For both
peaks, there was an observable decrease in absorbance intensity with adsorption
suggesting a loss of the aromatic and aliphatic fractions to adsorption, but no trend in
absorbance with temperature. The preferential adsorption of aliphatic and aromatic C
relative to saccharidic or pepitidic C was consistent with previous studies of Gu et al.
(1994, 1995), Qin et al. (2015) and Adhikari & Yang (2015). In addition to electrostatic
forces, ligand exchange (complexation) and hydrophobic interactions are primary
mechanisms of SOM–iron oxide sorption (Gu et al., 1994; Lutzow et al., 2006). The shift
from 1610 cm-1 in the unbound and supernatant SOM to 1620 cm-1 in the bound SOM
possibly indicates complexation between COO– of SOM and haematite (Gu et al., 1994,
1995; Qin et al., 2015). In addition, the role of ligand exchange as the primary
mechanism for sorption is supported by the large values of ΔH° for HA and FA. Gu et al.
(1994) reported enthalpy values that were more negative than –20 kJ mol-1 for ligand
exchange reactions. We did not observe a significant change in the peak intensities
associated with ligand exchange reactions to suggest a change in the degree of
complexation between SOM and haematite with warming.
The SUVA 254 of the supernatant SOM, often used to describe the nature of natural
organic matter, was calculated to compliment the ATR-FTIR spectra. The SUVA 254 is a
measure of aromaticity and larger values indicate that more aromatic C is present in the
solution. A decrease in SUVA 254 was observed for HA and FA as a result of adsorption
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suggesting that aromatic C adsorb preferentially to haematite (Figure 9). A comparison of
SUVA 254 at experimental temperatures showed no trend with the loss of aromatic C as
a function of warming, which was consistent with our ATR-FTIR results. The SUVA 254
is also a measure of hydrophobicity in which values >4 might indicate the presence of
mostly hydrophobic material, whereas <3 might indicate the presence of mostly
hydrophilic material (Edzwald & Tobiason, 1999). The SUVA 254 for HA decreased
from ~6 to ~3.5 suggesting some loss of hydrophobic material. The SUVA for FA
decreased from ~4 to ~2.5 suggesting that only the hydrophilic fraction remained after
adsorption.

2.4.3

Temperature-Dependent hydrophobic interactions

Hydrophobic interactions are a proposed mechanism for the adsorption of SOM on to
haematite (Gu et al., 1994) that are not expected to change with warming (ten Hulscher &
Cornelissen, 1996). From our SUVA 254 results, we observed that the hydrophobic
fraction of SOM decreased with adsorption, however, the adsorption mechanism cannot
be inferred from SUVA. To probe the effects of warming on hydrophobic interactions
with haematite, we chose Rose Bengal as a model compound to represent potential
hydrophobic fractions of SOM. Our results suggest that, in the case of RB, hydrophobic
interactions with haematite can increase with warming (Figure 10). This relation is
consistent with that of Nam et al. (2014) who reported an increase in adsorption of
hydrophobic compounds at higher temperatures, but is not consistent with studies using
soil and sediments. Kaiser et al. (2001) reported the sorption affinity of hydrophobic
dissolved organic C to be weakly temperature dependent with a tendency to decrease
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with warming accompanied by an increase in desorption at higher temperatures. A
similar trend with the sorption coefficient of polycyclic aromatic hydrocarbons on to
aquifer sediments was observed by Piatt et al. (1996). Soil and sediments comprise a
range of minerals which might have different hydrophobic responses to warming that can
contribute to net sorption. The adsorption of RB is merely a starting point in testing if
hydrophobic interactions can be temperature dependent. Our results here suggest that
individual minerals can have opposite trends from those of bulk soil and sediments that
warrant further investigation.
2.5

Conclusions

This study has shown that the formation of MOAs might be less sensitive to climate
warming than previously predicted. Specifically, our results suggest that the size of the
‘rusty carbon sink’ might remain unaffected with warming. We speculate that the role of
hydrophobic interactions in a warming climate might be underestimated and thus warrant
further examination. The formation of MOAs is only one aspect in understanding the
overall response of soil C to a changing climate. The focus of future studies should be on
the biological and thermal stability of MOAs formed at different temperatures which
ultimately determines the residence time of soil C.
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Table 1. The temperature effects on the adsorption–desorption equilibrium and kinetics
of organic compounds summarized in ten Hulscher & Cornelissen (1996) and Conant et
al. (2011) and references therein.
Controlling
forces

Affinity

Mechanism

Temperature effect

London-van der
Waals
Hydrogen-bonding
Dipole–dipole

↑T = ↑ Desorption
(Le Chatelier’s Principle)

Enthalpy
High

Entropy

Low
Diffusion
Indirect
effects

↑T = no change
(Short time-frames: nearly
irreversible covalent bonds)

Chemisorption

Ligand exchange

↑T = ↑ Adsorption
(Lowered activation energy)

Hydrophobic
interactions

No strong trend
(ΔH° near zero)

Diffusion

↑T = ↑ Diffusion = ↑Adsorption
(Stokes–Einstein Equation)

Solubility

↑T = ↑ Solubility
(most compounds)

Steric effects

↑T = ↓Solute rigidity = ↑
Diffusion
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Table 2. The Lineweaver–Burk linearization of the Langmuir Model. Values in
parentheses represent the standard error.
SOM

Humic Acid

Fulvic Acid

Temperature/°C
15
20
25
30
35
15
20
25
30
35

Slope
0.975 (0.089)
0.870 (0.114)
1.32 (0.13)
2.81 (0.36)
2.70 (0.32)
1.51 (0.19)
2.92 (0.29)
2.51 (0.33)
4.27 (0.42)
4.05 (0.39)
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Y-Intercept
0.219 (0.018)
0.279 (0.020)
0.286 (0.020)
0.217 (0.042)
0.161 (0.052)
0.357 (0.034)
0.255 (0.037)
0.393 (0.026)
0.245 (0.049)
0.224 (0.042)

R2
0.842
0.829
0.857
0.804
0.803
0.802
0.827
0.825
0.849
0.823

Table 3. The Langmuir model parameters for the adsorption of soil humic and fulvic acids to haematite derived from the slopes and
intercepts of the Lineweaver–Burk linearization of the Langmuir equation. The conversion of K to a dimensionless form followed
Zhou & Zhou (2014). The dimensionless K was used to derive the thermodynamic parameters through the Gibbs free energy equation
and the van’t Hoff plot. Values in parentheses are one standard deviation from the mean (n = 3).
Temperature
/°C

Humic
acid

Fulvic
acid

a

K (– 103)

a

Qmax /mg C g-1

a

ΔG°/kJ mol-1

a 2

R

15

228.3 (2.1)

4.59 (0.38)

–29.9 (0.02)

0.842

20

327.4 (19.7)

3.60 (0.26)

−31.3 (0.15)

0.829

25

220.5 (6.4)

3.51 (0.25)

−30.8 (0.07)

0.857

30

78.0 (5.2)

4.73 (0.93)

−28.7 (0.17)

0.804

35

59.6 (12.6)

6.69 (2.28)

−28.5 (0.56)

0.803

15

142.1 (4.4)

2.82 (0.27)

−28.7 (0.08)

0.802

20

52.2 (2.4)

3.98 (0.58)

−26.8 (0.11)

0.827

25

94.4 (6.3)

2.55 (0.17)

−28.7 (0.17)

0.825

30

34.2 (3.5)

4.20 (0.86)

−26.6 (0.27)

0.849

35

33.0 (3.1)

4.57 (0.87)

−26.9 (0.24)

0.823

ΔH°/kJ mol-1

b

ΔS°/kJ mol-1

b

b 2

R

−60.7 (9.9)

−0.105 (0.033)

0.744

−49.5 (9.5)

−0.075 (0.032)

0.676

Regression fitting for the linear Langmuir model b Regression fitting for the van’t Hoff plot
Sorption coefficient (K), maximum sorption capacity (Qmax), the change in Gibbs free energy (ΔG°), the change in enthalpy (ΔH°) The
change in entropy (ΔS°)
a
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Table 4. The sorption parameters from Gu et al. (1994) and the recalculated K and ΔG° values using the method described by Zhou
& Zhou (2014) and average organic matter molecular weights reported by Perminova et al. (2003).
Georgetown
natural organic matter
Parameter

Derivation

K/m3 g-1

1.474

K/l g-1
ΔG°/kJ mol-1

1474
K

Mw/kDa
K°/x 108
ΔG°/kJ mol-1
ΔG°/kJ mol-1

pH 4

microcalorimetry

pH 6

pH 4

pH 6

1.498

1.128

1.141

1498

1128

1141

−35.2

−35.2

−34.5

-34.6

19.0

19.0

18.8

18.8

1.79
K°

Suwannee River
fulvic acid

−45.5

1.82
−45.5

1.45
−45.0

Gu et al. (1994)

Perminova et al. (2003)

1.46
−45.0

~ −46

Sorption coefficient (K) The change in Gibbs free energy (ΔG°) Molecular weight (Mw)
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References

Zhou and Zhou (2014)
Gu et al. (1994)

Table 5. The change in sorption coefficient (K) over different experimental temperature
ranges.
Temperature Range

Slope/°C-1

R2

15–30°C

−1.12x104

0.487

30-35°C

−3.68x103

0.578

15-30°C

−5.63x103

0.567

30-35°C

−2.41x102

0.047

Humic Acid

Fulvic Acid

26

Figure 1. Linear fitting of the sorption isotherm data to the Freundlich model.
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Figure 2. The adsorption of humic and fulvic acids to haematite were measured at five
temperatures and plotted as adsorbed C against equilibrium C concentration (Ce). The
sorption isotherms were best described by the Langmuir adsorption model. n = 3
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Figure 3. The adsorption and desorption of humic and fulvic acids to and from
haematite. Plotted values are the mean with standard error bars (n = 3). Adsorption
experiments were done at an initial carbon concentration of 25 mg C l-1.
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Figure 4. The van’t Hoff plot for humic (R2=0.744) and fulvic acid (R2=0.676)
adsorption used to derive ΔH° and ΔS°.
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Figure 5. The sorption coefficients (K) and maximum adsorption capacities (Qmax) for
humic and fulvic acids were derived from fitting the Langmuir model to sorption
isotherm data. Plotted values are the mean with standard error bars (n = 3). The K for (a)
humic acid and (b) fulvic acid generally decreased with warming; the largest decrease
occurring between 15 and 30°C. The Qmax for (c) humic acid was generally larger than
that for (d) fulvic acid. The Qmax did not depend on temperature.
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Figure 6. Particle-size analysis of haematite at experimental temperatures. The haematite
solutions were filtered through a 0.200-µm membrane before incubation to prevent
settling during measurement.
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Figure 7. The ATR-FTIR spectra for (a) humic acid in mineral–organic associations
(MOAs) and (b) fulvic acid in MOAs were recorded and compared to (c) humic acid
standards and (d) fulvic acid standards. The absorbance intensities for adsorbed humic
and fulvic acids were standardized to the carbon content of the samples. Atmospheric and
haematite spectra were subtracted from the samples.
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Figure 8. The ATR-FTIR spectra of the supernatant humic acid at 25, 30 and 35°C.
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Figure 9. The specific ultraviolet absorbance at 254 nm (SUVA 254) for the supernatant
(a) humic acid and (b) fulvic acid were recorded at experimental temperatures and
compared to the control or standard.
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Figure 10. The relation between adsorption of the hydrophobic model compound, Rose
Bengal dye and temperature. Plotted values represent the mean (n = 3) and error bars
represent the standard error of the mean. R2=0.970
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CHAPTER 3
SORPTION TEMPERATURE AND THE STABILITY OF IRON-BOUND SOIL
ORGANIC MATTER
3.1

Abstract

Iron oxide surfaces can preserve soil organic matter (SOM) through the formation of
mineral–organic associations (MOAs). Warming climates can affect SOM dynamics
through altering the formation and stability of MOAs. We conducted batch sorption
experiments from 15–35°C using hematite and soil humic and fulvic acids to assess the
stability of MOAs formed at each temperature using laboratory incubations and thermal
analysis. Isotopic depletion was consistent with selective sorption of lignin- and lipidderived carbon from humic acid, but fractionation was independent of temperature.
Microbial incubations of the MOAs over 45-days showed that the mineralizable carbon
(Co) was 0.639±0.064% for humic acid and 1.46±0.13% for fulvic acid, suggesting that
the former may be more biologically stable than the latter. Thermogravimetric analyses
(TGA) indicated that humic acid-MOAs were also more thermally stable (TGA-T50
~285°C) and less exergonic upon decomposition than fulvic acid-MOAs (~270°C).
Sorption temperature did not affect any of the biological (Co, 𝑘) or thermal (TGA-T50,
ΔE) indices. These findings suggest that sorption temperature may not affect the
formation or the stability of iron oxide MOAs. In warming climates, iron oxides might
continue to act as a carbon sink in soils and sediments globally.

3.2

Introduction

The interactions between soil organic matter (SOM) and mineral surfaces, often referred
to as mineral–organic associations (MOAs), are an important mechanism for the
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stabilization and long-term protection of organic carbon (C) against microbial
decomposition (Guggenberger and Kaiser, 2003; Keil et al., 1994; Schimel et al., 1994).
The surfaces of iron oxides, in particular, have shown a strong affinity (Gu et al., 1994; Gu
et al., 1995) and high sorption capacity (Kaiser, 2003; Kaiser and Guggenberger, 2007;
Tipping, 1981) for SOM. With an estimated ~22% of organic C in marine sediments found
to be directly bound to iron oxides (Lalonde et al., 2012), these tightly-coupled MOAs have
been referred to as the “rusty carbon sink.” Climate changes, like warming, can affect the
formation (ten Hulscher and Cornelissen, 1996) and consequently the stability of MOAs
which may alter the size and efficacy of the “rusty carbon sink” in soils and sediments
globally.
There are two general pathways for the formation of MOAs: (i) adsorption reactions and
(ii) coprecipitation by iron and aluminum (Kleber et al., 2015). In adsorption reactions, the
SOM interacts with an existing mineral substrate forming bonds of varying strength.
Adsorption is sensitive to a variety of different environmental factors such as pH,
temperature, SOM chemistry (Kleber et al., 2015). In the coprecipitation pathway, iron or
aluminum cations hydrolyze and interact with organic molecules to form metal—organic
complexes. The nucleation and crystal growth of these complexes in addition to the
adsorption of SOM leads to the formation of MOAs (Kleber et al., 2015; Masion et al.,
2000; Schwertmann et al., 2005). This study focuses on examining the effects of
environmental variables such as temperature and SOM composition on sorption processes
which may affect the quality (defined as the degree of resistance to decomposition) of
MOAs in order to understand the response of soil C to a warming climate.
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The theoretical and experimental effects of temperature on the formation of MOAs (i.e.,
sorption kinetics and equilibrium) have been discussed at length (Conant et al., 2011b; ten
Hulscher and Cornelissen, 1996) and were summarized for iron oxide-SOM systems
(Nguyen et al., 2018). High-affinity sorption mechanisms (e.g., fast reactions), such as
London van der Waals forces, hydrogen-bonding, dipole-dipole interactions, and
chemisorption, are generally expected to decrease sorption of organic molecules, because
higher temperatures promote desorption (ten Hulscher and Cornelissen, 1996). Lowaffinity sorption mechanisms (e.g., slow reactions) which are regulated by diffusion are
expected to increase adsorption of organic molecules, because higher temperatures
promote faster diffusion (ten Hulscher and Cornelissen, 1996). The overall effect of
temperature on sorption is determined by the difference between high- and low-affinity
responses to warming. We previously examined the sorption isotherms for the hematiteSOM system and observed a decrease in sorption coefficient (K) but no significant changes
in the maximum sorption capacity (Qmax) from 15–35°C (Nguyen et al., 2018). The
decrease in K with warming was expected due to the exothermic nature of the system. The
temperature independence of Qmax suggested that the response of low-affinity adsorption
mechanisms to warming cancelled out the response of high-affinity desorption mechanisms
(Fig. 11). In sorption systems with a short equilibration time (e.g., minutes, hours), such as
hematite-SOM, there may not be sufficient time to observe the complete desorption of
high-affinity mechanisms (Fig. 1). Although there were no significant differences in the
chemical signature of the adsorbed SOM with temperature, we hypothesized that the
expected shift in sorption mechanism from high- to low-affinity interactions with warming
will result in a decrease in the stability of MOAs.
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We addressed the question: how does sorption temperature and SOM composition affect
the stability of MOAs? Batch sorption experiments were done using the iron oxide mineral
hematite and soil humic and fulvic acids to form MOAs at five temperatures. We selected
hematite as our model mineral because it is one of the most common iron oxides in soil
and we previously described its sorption behavior with soil humic and fulvic acids. Carbon
isotope analysis of the MOAs was done to determine the effects of temperature on isotope
fractionation. The biological decomposition rate constant (𝑘) and the percentage of
potentially mineralizable C (Co) were derived from a laboratory microbial incubation
experiment to evaluate the relative biological stability of MOAs formed at different
temperatures. Thermal analysis provided the temperature at which half of the adsorbed
SOM was removed (TGA-T50) and the net energy released during ramped oxidation (ΔE),
which were used to evaluate the relative thermal stability of the MOAs. These data provide
insight into the effects of sorption temperature and SOM composition on the stability of
MOAs.
3.3
3.3.1

Materials and methods
Preparation of hematite and humic and fulvic acids

A stock suspension of commercial-grade hematite (Sigma Aldrich; ≥99% α-Fe2O3, 5.5
m2 g-1 BET surface area, particle size <5 µm) was made with ultrapure water (Milli-Q™),
stored away from light and mixed by sonication before each experiment. Elliott Soil humic
acid (HA) and fulvic (FA) acids standards (International Humic Substances Society) were
dissolved in ultrapure water, stored in the dark for 48 hours at 4°C, filtered through a 0.200µm nylon membrane (Whatman), and analyzed for carbon content on a Shimadzu TOCV.
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Prior to each use, the stock solutions were poured into clean beakers, covered, and warmed
or cooled to the experimental temperature condition.

3.3.2

Adsorption experiments

The adsorption of HA and FA to hematite was done in the same manner described by
Nguyen et. al (2018). Adsorption experiments were replicated at least four times. Ultrapure
water, the hematite stock suspension, and the SOM stock solutions were added to amber
glass vials to obtain a final volume of 30 mL and final concentrations of 2 g L-1 hematite
and 30 mg C L-1 of HA and FA. The ionic strength of each solution was adjusted to 10 mM
NaCl, and the pH was adjusted to ~5 using 100 mM HCl and 100 mM NaOH and monitored
using an Orion (Model A211) pH meter. At pH ~5, hematite is positively charged which
creates a favorable electrostatic environment for the adsorption of the negatively charged
SOM and allows for the detection of subtle changes in adsorption (Hesleitner et al., 1987).
The pH of the solutions remained within ±0.15 of the initial value throughout the
experiment. The solutions, along with controls for hematite and the SOM fractions, were
shaken and incubated for ~24 hr to allow equilibration between the SOM and hematite (Gu
et al., 1994). The controls were comprised of only the sorbate or sorbent under the same
solution chemistry as described above. The suspensions were incubated at five
temperatures: 15°C, 20°C, 25°C, 30°C, and 35 ±0.1°C. After ~24 hr, the supernatant was
decanted, filtered through a 0.200-µm nylon membrane (Whatman) to remove mineral
particles and stored in the dark at 4°C until further analysis. The mineral fraction was airdried to remove excess water and then stored in the dark at 4°C.
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3.3.3

Total organic carbon analysis

The adsorption of SOM onto hematite was determined through total organic carbon
analysis (TOC) of the sample and control supernatant. The filtered aqueous supernatants
were stored overnight in the dark at 4°C and allowed to warm to room temperature prior to
measurement on a Shimadzu TOCV (Kyoto, Japan). The Shimadzu TOCV has a maximum
coefficient of variation of 1.5% and a detection limit of 4 µg L-1. The mass of adsorbed
SOM was calculated by subtracting the final equilibrium concentration of the samples from
the controls and multiplying by the volume (i.e., ((CSOM − CSAMPLE − CHEMATITE) * volume
of sample).

3.3.4

Isotope analysis

Six samples from each sorption temperature were measured for carbon isotopes. The
MOAs were weighed out into tin capsules (Costech), acidified with dilute HCl to remove
inorganic carbon, and measured for δ13C on a Thermo-Electron Delta V Advantage Isotope
Ratio Mass Spectrometer (Waltham, MA, USA). The precision of the isotope data for δ13C
was 0.06‰.

3.3.5

Biological stability indices and laboratory incubation

Soil inoculum was extracted from the fallow Hadley fine sandy loam (coarse-silty,
mixed, superactive, nonacid, mesic Typic Udifluvents; South Deerfield, MA, USA).
Approximately 3 g of air-dried soil was placed into a 50-mL polypropylene centrifuge tube
and 30 mL of deionized water was added. The tube was shaken and left at room temperature
overnight. The suspension was centrifuged at 3700 × g for 20 minutes. The aqueous
42

supernatant was filtered through a 2-µm membrane (Whatman) to remove particulate
matter and analyzed using TOC for carbon content. The inoculum was used immediately
after TOC analysis.
A laboratory incubation experiment was conducted in a comparable manner to Feng et
al. (2014) to determine the relative biological stability of the MOAs formed at each
temperature (Feng et al., 2014). Triplicate samples for each sorption condition were
incubated. In 2-mL amber glass vials, 0.100 g of hematite-associated SOM was mixed with
0.100 g of autoclaved-sand using a vortex shaker. Approximately 200 µL of soil inoculum
was added to each vial before the septa caps were loosely placed on the vials. The inoculum
was used to introduce a similar microbial community to all samples and controls while
only introducing less than 1% of the lowest adsorbed C value from the sorption
experiments. The vials were incubated at 30 ±0.1 °C for 45 days with a water bath to
maintain humidity. Respiration rates were determined using a LI-COR LI-8100A Trace
Gas Analyzer (Lincoln, Nebraska) with the 8100-664 Trace Gas Sample Kit during
incubation at 1, 2, 3, 4, 7, 9, 11, 14, 17, 22, 25, 32, 36, 40, and 45 days. To allow for
sufficient CO2 accumulation in the headspace, ~24-48 hr prior to gas analysis the headspace
of each vial was flushed with 10 mL of filtered room air (0.100-µm membrane, Whatman),
tightly capped, then returned to the incubator. Approximately 1.5 mL of headspace was
injected into the gas analyzer. The calibrated peak areas were used to determine CO 2
absolute concentration (Fig. 12). Controls for filtered room air (0.200-µm nylon membrane
(Whatman)) were measured for CO2 concentration and subtracted from sample values.
The cumulative CO2 respired during the incubation experiment was derived from the
respiration rates measured at the intervals described above. The respiration rates were
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determined by subtracting the rates of the controls from the samples and normalizing the
value by the adsorbed C content. Each replicate was plotted separately and individually
fitted to the single first-order kinetics model 𝐶𝑡 = 𝐶𝑜 (1 − 𝑒 −𝑘𝑡 ), where 𝐶𝑡 is the
cumulative CO2 respired at 45 days in mg CO2-C (g hematite-C)-1, 𝐶𝑜 is the pool of
potentially mineralizable C in mg CO2-C (g hematite-C)-1, and 𝑘 is the first-order
decomposition rate constant in day-1 (Fig. 13). The variables Co and 𝑘 were used to assess
relative biological stability.

3.3.6

Thermal stability indices and thermal analyses

Thermal characterization of the MOAs was done using simultaneous thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) during ramped heating.
Samples from each sorption temperature were measured at least two times. The oxidation
kinetics measurements were performed on a Mettler Toledo TGA/DSC1 (Columbus, OH).
The instrument was calibrated using NIST-traceable gold, aluminum, and indium at a
heating rate of 5°C min-1. Approximately 3 to 8 mg of each sample (0.0045 to 0.026 mg
C) were placed in a 70 μL alumina crucible. All samples were heated to 110°C at 10°C
min-1 under high purity nitrogen flowing at 50 mL min-1 (with a supplemental N2 balance
protective gas flow of 20 mL min-1) and held for 30 minutes to remove residual moisture
and to establish a “dry” baseline. At this point, samples were analyzed in an air atmosphere
at a 50 mL min-1 flow rate. The temperature was programmed to increase at 5°C min-1 up
to 600°C and held for 30 minutes at 600°C to ensure constant sample weight. A baseline
run of an empty crucible was subtracted to account for thermal buoyancy. The TGA data
were plotted as the mass percentage of the sample normalized to carbon content versus
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temperature. From the TGA data, the temperature at which half of the mass loss occurred
(TGA-T50) was determined and used as a thermal index.
The DSC data were plotted as heat flux normalized to sample mass (mW/mg) versus
temperature. The upward or downward direction of DSC peaks indicated whether the
reactions were exothermic or endothermic, respectively. From the DSC data, the net energy
released during oxidation was determined and used as a thermal index. Net energy (ΔE) is
calculated by integrating the area under the DSC peaks and normalizing the value by the C
content of the sample (Rovira et al., 2008). The integration of DSC peaks was done from
190–400°C. This temperature range represented the only peak (exothermic) and was
consistent across all samples (Table 7).

3.3.7

Plotting and statistical analysis

Plotting and statistical analyses of data were performed with Origin (Version 9.3,
Northampton, MA). Multiple linear regressions were done to evaluate the effects of
temperature and SOM fraction on each measured or derived variable. Regressions with
statistically significant p-values (p<0.05) were reported. Comparisons between two sets of
data (e.g., HA and FA at the same temperature, modelled and measured variables at the
same temperature) were performed using the Student t-test with the assumptions that there
was equal variance between datasets, the data had a normal distribution, and the sample
size was adequate. The p-value was obtained from a two-tail calculation at a 95%
confidence interval. Comparisons between sample C isotope values and the HA and FA
standard C isotope values were performed using the one-sample t-test at the 95%
confidence interval.
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3.4
3.4.1

Results and discussion
Adsorption and temperature

The adsorption of HA to hematite was generally greater (p=1.25 x 10-20) than that of FA
(Fig. 14AB); HA adsorbed twice as much C (3.0 mg C (g hematite)-1) as FA (1.5 mg C (g
hematite)-1). The differences in HA and FA adsorption behavior may be related to the
functional group content of each SOM fraction. Greater complexation between hematite
and HA was likely due to the hydrophobicity and greater acidic functional group content
of HA relative to FA (McKnight et al., 1992; Zachara et al., 1994). A higher extent of HA
adsorption relative to FA was consistent with our previous study (Nguyen et al., 2018) and
with Ko et. al (2005), who examined the adsorption of SOM to hematite as a function of
pH and SOM size fraction (Ko et al., 2005).
The extent of HA and FA adsorption to hematite remained relatively constant with
temperature (Fig. 14AB). The sorption of organic compounds to mineral surfaces has been
suggested by ten Hulscher & Cornelissen (1996) to be nearly independent of temperature
for systems with short equilibration times (e.g., minutes, hours), because low-affinity
responses (e.g., slow adsorption reactions) cancel out high-affinity responses (e.g., fast
desorption reactions) (Fig. 11). The temperature-independent adsorption of HA and FA to
hematite was consistent with our isotherm analysis (Nguyen et al., 2018) which showed
that the maximum sorption capacity of HA and FA does not change as a function of
temperature. Although we did not conduct a desorption experiment for this study, our
previous study (Nguyen et al., 2018), along with those by Gu et. al (1994, 1995), showed
that desorption in hematite-SOM systems is negligible. The minimal desorption of SOM
from hematite is thought to be due to strong hysteresis (Gu et al., 1994; Gu et al., 1995).
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3.4.2

Isotope fractionation and temperature

The δ13C of adsorbed HA was generally found to be less negative than that of FA (Fig.
14CD). On average, the δ13C of adsorbed HA was −24.1±0.14‰ while the δ13C of adsorbed
FA was −25.2±.17‰. Fractionation was observed during the adsorption of HA to hematite
(Fig. 14C). The δ13C for adsorbed HA was 1.5‰ more negative than the HA standard
(−22.5%), which suggested that lignin- and lipid-derived C was preferentially adsorbed
(Benner et al., 1987). The fractionation of HA during adsorption was observed at all
temperatures, but the fractionation did not depend on temperature. In contrast, FA did not
fractionate during adsorption, and the δ13C of adsorbed FA did not depend on temperature
(Fig. 14D). Such preferential interactions between lignin-derived C and hematite were
observed by Hall et. al (2016) who reported that iron oxides specifically protected lignin
methoxyls but not bulk SOM. Fractionation of HA and not FA was likely due to the higher
aromatic content of HA relative to FA. Aromatic C has been shown to preferentially adsorb
to iron oxides (Gu et al., 1994; Gu et al., 1995) and the greater sorption of HA to hematite
relative to FA (Fig. 13AB) allows for the detection of subtle changes in isotopic signature.

3.4.3

Biological stability of MOAs

The results from the laboratory microbial incubation experiment suggested that the
biological stability of MOAs is not affected by sorption temperature but is affected by the
adsorbed SOM composition (i.e., humic acid vs fulvic acid). The pool of potentially
mineralizable C, Co, for HA-MOAs was generally smaller (p=2.63 x 10-6) than that of FAMOAs (Fig. 15A). On average, the Co was 0.639±0.064% for HA-MOAs and 1.46±0.13%
for FA-MOAs. The differences in Co suggested that HA-MOAs may be less bioavailable
47

and therefore more biologically stable than FA-MOAs under the incubation conditions.
Most of our Co values fall within the lower limit of the 1.7–7.0% range reported by Feng
et. al (2014) who examined the biological stability of water extractable organic matter
adsorbed to mineral soils as a function of C loading (Feng et al., 2014). The lower Co values
may be due to the use of humic substances instead of water extractable SOM in our
adsorption experiments as well as differences in available mineral substrates. Humic
substances (i.e., HA and FA) have undergone microbial and/or chemical alterations and
therefore may be less metabolisable to microbes in our study. A comparison of the
measured total CO2 respired and the modelled CO2 respired showed no significant
differences for either SOM fraction and did not change our interpretations (Fig. 16).
The biological decomposition rate constant, 𝑘, showed that microbes were equally active
during the incubation of HA- and FA-MOAs. The 𝑘 for HA- and FA-MOAs were found to
be <0.20 day-1 (Fig. 15B) and were generally similar (p=0.604). On average, the k for HAMOAs was 0.079 ±0.011 day-1 while the k for FA-MOAs was 0.087 ±0.009 day-1. The
reported 𝑘 values fall within the 0.037–0.124 range reported by Feng et. al (2014) and
suggest sufficient microbial activity during incubation (Feng et al., 2014). When
considered together, the Co and 𝑘 data suggest that there was no microbial preference for
either HA- or FA-MOAs but that FA-MOAs were more bioavailable. There were no
relationships between Co or 𝑘 and sorption temperature for HA- or FA-MOAs (Fig. 15AB)
to support our hypothesis that increasing sorption temperature decreases the stability of
MOAs. Instead, we observed that SOM composition is more likely to affect the stability of
MOAs than sorption temperature. The importance of SOM composition on the stability of
MOAs is further highlighted by the expected increase in the production of dissolved
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organic matter with warming (Christ and David, 1996; Toland and Zak, 1994). An increase
in dissolved organic matter production with warming may lead to preferential protection
of SOM through MOAs.

3.4.4

Thermal stability of MOAs

The results of the TGA-DSC analysis suggested that the thermal stability of MOAs is
not dependent on sorption temperature but is dependent on the adsorbed SOM composition.
The thermal stability of MOAs formed at each sorption temperature was assessed using
TGA-T50 and C-normalized net energy released (ΔE). The TGA-T50 for HA-MOAs were
found to be greater than for FA-MOAs (p=1.06 x 10-4) at all temperatures (Fig. 17A). On
average, the TGA-T50 for HA-MOAs was 285 ±3.5°C and 270 ±3.1°C for FA-MOAs. The
differences in TGA-T50 suggested that HA-MOAs are more thermally stable than FAMOAs, because HA-MOAs required a higher temperature to remove the same fraction of
mass. This is in general accord with the incubation study which showed that HA-MOAs
were more biologically stable than FA. The degree of complexation between the SOM
fractions and hematite is likely a contributing factor to the differences in the thermal
stability of the MOAs. The stronger the bonds between HA and hematite, the more heat
would be required to remove the HA.
Upon normalization to sample C, the net energy released during oxidation (ΔE) was
generally found to be greater (p=5.61 x 10-4) for FA-MOAs than for HA-MOAs (Fig. 17B).
On average, the net energy released for HA-MOAs was 126 ±11.2 J (mg C)-1 and 233 ±25.5
J (mg C)-1 for FA-MOAs. When considered together, the higher TGA-T50 and lower ΔE
value indicated that HA-MOAs are more thermally stable and less exergonic upon
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decomposition than FA-MOAs. This implies a lower thermodynamic driving force for the
decomposition of HA-MOAs and agrees with the results from microbial respiration in
which HA-MOAs had less mineralizable carbon (Co) than FA-MOAs. There was no
correlation of TGA-T50 or ΔE with sorption temperature to support the hypothesis that
increasing sorption temperature decreases the stability of MOAs. The findings from the
biological and thermal stability studies suggested that SOM composition plays a larger role
in the MOA stability than sorption temperature with HA-MOAs being more stable than
FA-MOAs.
3.5

Conclusions

The formation of MOAs through the adsorption pathway is influenced by a variety of
environmental variables. In this study, we examined how temperature and SOM
composition can affect the formation and stability of MOAs. We reported that contrary to
what one might expect increasing sorption temperature does not decreases the stability of
MOAs. There were no detectable changes in organic matter composition in our previous
study (Nguyen et al., 2018) and no changes in isotopic signature were reported here to
suggest significant changes in sorption mechanism with warming. The lack of a
temperature sensitivity suggests that the size and efficacy of the “rusty carbon sink” may
remain unaltered in a warming climate. Iron oxides may continue to serve as a reliable
mechanism for the stabilization of SOM. Furthermore, our results highlighted the
importance of SOM composition over sorption temperature in the stability of MOAs.
In our study, we examined the effects of sorption temperature on MOA stability and
therefore incubated the MOAs at a single temperature (30°C). The alteration of incubation
temperature may alter our interpretations as temperatures affect microbial activity. To
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better understand the overall effects of temperature on MOA stability, future work should
examine MOAs formed and incubated at different temperatures. Further work is also
needed to collect MOAs from systems with longer equilibration times (e.g., days, weeks)
(Fig. 11) to better assess how measurable changes in sorption mechanism affect the
stability of MOAs formed at different temperatures. We examined the hematite-SOM
system which likely did not reach long-term equilibrium where there is a detectable shift
from high-affinity sorption sites to low-affinity sorption sites. In these long-term
equilibrium systems, changes in the stability of MOAs may be detectable.
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Table 6. First-order model fitting for cumulative CO2 respired over a 45-day incubation.
Numbers in parentheses represent the standard error.
Soil Organic
Matter

Sorption Temperature
(°C)

Co
(mg CO2-C (g Hematite-C)-1)

k
(day-1)

R2

5.70 (0.95)

0.037 (0.011)

0.922

3.61 (0.10)

0.156 (0.016)

0.967

3.12 (0.35)

0.076 (0.026)

0.850

6.86 (0.48)

0.054 (0.008)

0.965

6.41 (0.37)

0.055 (0.007)

0.972

3.67 (0.33)

0.072 (0.017)

0.887

12.6 (0.60)

0.093 (0.013)

0.958

8.78 (0.63)

0.062 (0.010)

0.959

5.67 (0.56)

0.065 (0.015)

0.914

7.14 (0.30)

0.111 (0.015)

0.958

5.17 (0.21)

0.178 (0.028)

0.918

6.36 (0.49)

0.079 (0.016)

0.907

6.54 (0.77)

0.047 (0.012)

0.936

8.78 (3.44)

0.016 (0.008)

0.954

3.78 (0.19)

0.083 (0.012)

0.953

22.3 (0.73)

0.188 (0.024)

0.938

13.7 (0.44)

0.087 (0.008)

0.981

10.5 (0.46)

0.087 (0.011)

0.965

18.0 (1.55)

0.048 (0.008)

0.960

8.91 (0.60)

0.111 (0.023)

0.844

9.02 (1.00)

0.041 (0.008)

0.958

19.2 (0.95)

0.076 (0.010)

0.961

13.3 (0.75)

0.071 (0.010)

0.959

9.56 (0.56)

0.077 (0.012)

0.950

16.0 (1.17)

0.083 (0.016)

0.887

14.9 (1.31)

0.059 (0.012)

0.930

12.1 (0.48)

0.099 (0.012)

0.965

24.2 (1.40)

0.068 (0.010)

0.965

18.4 (1.19)

0.069 (0.011)

0.957

9.52 (0.27)

0.134 (0.013)

0.969

15

20

Humic Acid

25

30

35

15

20

Fulvic Acid

25

30

35
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Table 7. Properties of the differential scanning calorimetry curves. Numbers in
parentheses represent one standard deviation from the mean.
Soil Organic
Matter

Humic Acid

Fulvic Acid

Sorption
Temperature (°C)

Number of Peaks

Peak Type

Peak Range (°C)

Peak Center

15

1

Exothermic

~190–400°C

303.3 (0.05)

20

1

Exothermic

~190–400°C

300.3 (7.30)

25

1

Exothermic

~190–400°C

298.0 (0.31)

30

1

Exothermic

~190–400°C

304.6 (1.97)

35

1

Exothermic

~190–400°C

300.6 (3.33)

15

1

Exothermic

~190–400°C

262.4 (0.42)

20

1

Exothermic

~190–400°C

266.4 (4.70)

25

1

Exothermic

~190–400°C

262.2 (0.10)

30

1

Exothermic

~190–400°C

274.9 (3.46)

35

1

Exothermic

~190–400°C

266.0 (0.23)

53

Figure 11. A conceptual illustration of the sorption processes thought to vary with
temperature described in ten Hulscher and Cornelissen, 1996. Short-term equilibrum
refers to minutes and hours, while long-term equilibrium refers to days and weeks. Highaffinity sorption mechanisms (e.g., fast reactions) include London-van der Waals forces,
hydrogen-bonding, dipole-dipole interactions, and chemisorption. Warming is expected
to promote the desorption of high-affinity sorption sites. Low-affinity sorption
mechanisms (e.g., slow reactions) are regulated by diffusion and are expected to promote
adsorption. The overall effect of temperature on sorption is determined by the difference
between high- and low-affinity responses to warming. Long-term equilibrium allows for
the sufficient desorption of high-affinity sorption sites.
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Figure 12. A standard curve was created for each set of CO2 respiration analyses by
measuring the peak areas of 0 ppm CO2 (N2 gas), 300 ppm CO2, and 4000 ppm CO2. The
linear regression for the scatter plot of data was used to determine the concentration of
CO2 in each sample. Background values for atmospheric CO2 were subtracted from the
samples to obtain the final concentration value. R2=0.988
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Figure 13. The respiration response curves for fulvic acid adsorbed to hematite at 15°C.
Samples were incubated at 30°C over 45 days. Each replicate is represented by a different
shape in the scatter plot. The dashed lines represent fitting of the data to the single firstorder kinetics model which was used to calculate the pool of potentially mineralizable
carbon (Co) and the biological decomposition rate constant (k). R2=0.938-0.981
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Figure 14. The adsorption extent of humic acid (A) and fulvic acid (B) to hematite were
determined at five temperatures (30 mg C L-1, pH 5, 10 mM NaCl; n=4). Error bars
represent the standard error. The δ13C of the adsorbed humic acid (C) and fulvic acid (D)
at each sorption temperature were measured (n=6). Isotope data are represented as box
plots where the lower line in the box represents the first quartile, the middle line
represents the median, the top line represents the third quartile, and the asterisks represent
outliers.
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Figure 15. The adsorbed humic and fulvic acids were incubated at 30°C over a period of
45 days (n=3). The CO2 respired over time was normalized to the carbon content and
fitted to the single first-order kinetic model to derive the pool of potentially mineralizable
carbon, Co (A) and the biological decomposition rate constant, 𝒌, (B). Error bars
represent the standard error.
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Figure 16. A comparison between the measured total CO2 respired and modeled CO2
respired for humic (A) and fulvic (B) acids at five sorption temperatures. Error bars
represent the standard error. n=3
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Figure 17. The thermal gravimetric temperature at which half of the organic matter was
removed from MOAs (TGA-T50) (A). The net energy released during oxidation for the
adsorbed humic and fulvic acids as determined by differential scanning calorimetry (B).
Error bars represent the standard error (n=2).
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CHAPTER 4
SORPTION TEMPERATURE AND NANOSCALE IRON-BOUND SOIL
ORGANIC MATTER
4.1

Abstract
Nanophase minerals can behave differently than their bulk counterparts. The
sorption behavior of nanophase hematite to climate warming was investigated
through a series of batch sorption experiments at five temperatures. The sorption of
soil humic acid to nanophase hematite followed the Langmuir model and was
determined to be a spontaneous and endothermic process. The sorption coefficients
increased with warming while the sorption capacities were temperatureindependent. When compared to bulk hematite, nanophase hematite had a greater
sorption capacity on a mass and surface area basis. The results of this study suggest
that global changes in iron-carbon associations are more likely to be the result of
indirect temperature effects such as processes that can alter particle size
(weathering, precipitation reactions) rather than direct effects on sorption.

4.2

Introduction

The surfaces of iron oxides readily react with organic matter in natural aqueous
environments such as those found in soils, sediments, and waters (Kaiser, 2003b; Kaiser
and Guggenberger, 2007; Tipping, 1981; Wagai et al., 2013; Wagai and Mayer, 2007). The
interactions between mineral surfaces and organic matter are often referred to as mineral–
organic associations (MOAs) and serve as a preservation mechanism for organic carbon
(Guggenberger and Kaiser, 2003; Keil et al., 1994; Kögel-Knabner et al., 2008; Mikutta et
al., 2007; Schimel et al., 1994). The global pool of iron oxide-MOAs has been referred to
as a “rusty carbon sink” (Lalonde et al., 2012). The size and efficacy of the “rusty carbon
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sink” (i.e., its ability to act as a carbon sink and not as a carbon source) may be altered with
climate changes such as warming. We examined the effects of sorption temperature on the
formation (i.e., sorption) and stability (i.e., resistance to biological and thermal oxidation)
of MOAs formed using bulk hematite (<5µm) and found no significant changes in sorption
extent (Nguyen et al., 2018) or MOA stability (Nguyen et al., 2019) with sorption
temperature. Mineral particle sizes, however, are not constant due to the weathering of
existing particles and/or the (re)precipitation of new particles.
Of specific interest are nanophase iron oxides which are ubiquitous in natural
environments and comprised a portion of the bulk hematite used in our previous study.
Nanophase minerals can behave differently than their microphase counterparts due to an
observable increase in surface reactivity with decreasing particle size (Echigo et al., 2012;
Hochella et al., 2008; Madden et al., 2006; Wigginton et al., 2007). A change in surface
reactivity and specific surface area of nanophase iron oxides may result in a different
response to warming than that observed in the bulk iron oxides. We hypothesized that
nanophase iron oxides will experience a decrease in sorption extent with warming due to
increased particle aggregation at higher temperatures which will reduce available surface
area for sorption.
We addressed the question: how does temperature and particle size affect the formation
of iron oxide-MOAs, specifically the effects of warming on the adsorption of soil humic
acid to hematite? We conducted a series of batch sorption experiments at five temperatures
to simulate the interactions between soil humic acid and hematite nanoplatelets. The extent
of sorption was determined through the total organic carbon analysis of the aqueous
supernatant. The sorption isotherms were fitted to sorption models and thermodynamic
62

parameters were derived. A particle size analysis was conducted to monitor particle
aggregation with temperature. From these data, we provide insights into changes in MOAs
with particle size and temperature.

4.3
4.3.1

Materials and methods
Nanoscale Hematite Synthesis and Characteristics

Reagents used in the synthesis of hematite include: Fe(NO3)3 * 9H2O and ultrapure
water. Hematite nanoplatelets were synthesized according to Method 4 of Schwertmann
and Cornell, 2000. A 0.120 L solution of 1 M Fe(NO3)3 * 9H2O was slowly added via a
burette to 1.5 L of ultrapure water over the course of ~1.2 hr. The suspension was cooled
overnight and purified via dialysis until the conductivity approached that of ultrapure water
(18.2Ω). The suspension was centrifuged and dried. The hematite nanoplatelets had an
average transmission electron microscopy diameter of 7.3 nm and an average BrunauerEmmett-Teller surface area of 118 m2/g.

4.3.2

Preparation of Hematite and Humic Acid

A stock suspension of the nanoscale hematite was made by mixing ultrapure water with
the synthesized nanoplatelets. The concentration of the stock mineral suspension was 300
mg/L. The mineral stock suspension was stored away from light and mixed by
ultrasonication before each experiment. Elliott Soil humic acid (HA) standard
(International Humic Substances Society) was dissolved in ultrapure water, stored in the
dark for 48 hours at 4°C, filtered through a 0.200 µm nylon membrane (Whatman) and then
analyzed for carbon content on a Shimadzu TOCV (Kyoto, Japan). Prior to each
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experiment, all stock solutions were poured into clean beakers, covered and warmed or
cooled to the experimental temperature condition.

4.3.3

Adsorption Experiments

The adsorption of HA onto nanoscale hematite was conducted in a similar manner to that
described by Nguyen et al., 2018 and replicated at least four times. Ultrapure water, the
mineral stock suspension, and the HA stock solution were added to amber glass vials to
obtain a total volume of 30 mL. The final concentration of the nanoscale mineral was 10
mg/L, and the concentrations of HA ranged from 0–60 mg C/L. A 1M NaCl solution was
used to adjust the salt concentration of each sample to 10 mM NaCl. The pH of each sample
was adjusted using 100 mM HCl and NaOH to attain the desired pH (~5) and monitored
using an Orion (Model A211) pH meter. The pH of the samples remained within 0.15 of
the initial value throughout the duration of the experiment. The samples along with controls
for the nanoscale minerals and the SOM were shaken and incubated at 15, 20, 25, 30, and
35 ± 0.1°C for ~4 hr. to allow equilibration between the SOM and iron oxides (Fig. 18).
After ~4 hr., the aqueous supernatant was decanted, filtered through a 0.200 µm nylon
membrane and stored in the dark at 4°C until further analysis. The aqueous supernatant
was filtered through a 0.200 µm nylon membrane to parallel the bulk hematite study.
Decreasing the filter size would remove the fraction of SOM <0.200 µm and would limit
our ability to compare the effects of mineral particle size. We analyzed the average
hydrodynamic diameter of the nanophase hematite to evaluate possible selective removal
of mineral particles due to aggregation during the filtration process and found no significant
differences with temperature (Fig. 19).
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4.3.4

Total Organic Carbon Analysis

The adsorption of SOM onto nanoscale hematite was determined through total organic
carbon analysis (TOC) of the supernatant. The filtered aqueous supernatants were stored
overnight in the dark at 4°C and allowed to warm to room temperature prior to
measurement on a Shimadzu TOCV (maximum coefficient of variation of 1.5% and a
detection limit of 4 µg/L). The mass of adsorbed SOM was calculated by subtracting the
final equilibrium concentration of the samples from the controls and multiplying by the
volume (i.e., (CSOM−CSample−CMineral)*0.30L).

4.3.5

Particle Size Analysis

The average hydrodynamic diameter of nanoscale hematite was measured with a Malvern
Zetasizer NS (Malvern Instruments, Malvern, U.K.). Particle size measurements were
triplicated. Samples of the nanoscale minerals in the presence and absence of SOM were
analyzed at each of the experimental temperatures at the same solution chemistry as the
sorption experiments. Samples were measured in polycarbonate disposable 1-cm
cuvettes.

4.3.6

Plotting and Statistical analysis

Statistical analyses and plotting of data were performed with Origin (Version 9.3,
OriginLab, Northampton, MA). All sorption isotherms were plotted as adsorbed C against
equilibrium C concentration (Ce). The sorption data were fitted to the linear form of the
Langmuir (Lineweaver–Burk lineation) Model. From the linear regressions of the data, the
estimated slopes and y-intercepts together with their standard errors (e.g. slope, slope ±
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standard error) were used to derive three values of K and Qmax. The plots of K and Qmax
represent the average value accompanied by standard error bars.
The derivation of thermodynamic parameters from isotherm fitting requires K to be
dimensionless. The conversion of K from litre g-1 to its dimensionless form followed the
procedure of Zhou & Zhou (2014). The derived K values were multiplied by the molecular
weight of the SOM and by a constant of 55.5. The average molecular weight of soil HA
(18.3 kDa) reported by Perminova et al. (2003) was used in our calculations. The
dimensionless K values were then used to derive the thermodynamic parameters of
sorption. The change in Gibbs free energy (ΔG°) of adsorption was calculated as follows
∆𝐺° = −𝑅𝑇ln𝐾,
in which R is the ideal gas constant 8.314 J mol-1 K-1, T is temperature in Kelvin, and K is
the sorption coefficient. The ΔH° and ΔS° were derived using the van’t Hoff plot. The
regression parameters from the van’t Hoff plot together with their standard errors were
used, as described above, to calculate the average values of ΔH° and ΔS° and their
subsequent standard deviations.
Comparison of data sets (e.g. adsorbed C between different temperatures) were done
using the Student’s t-test with the assumptions that the data had a normal distribution, the
sample size was adequate, and there was equal variance between data sets. The P-value
was obtained from a two-tail calculation at a 95% confidence interval.
4.4

Results and discussion
The adsorption of HA to nanophase hematite was best described by the Langmuir

model (Fig. 20). At all sorption temperatures, the isotherm exhibits an initial steep slope
before plateauing which suggests high affinity interactions between the mineral and
66

organic substrates and that a sorption saturation point was reached (Baohua. Gu et al.,
1994; Gu et al., 1995). The derived thermodynamic parameters for the adsorption of HA
to nanophase hematite are presented in Table 8. The Gibbs free energy (ΔG°) for sorption
ranged from −27.4 to −34.0 kJ/mol which suggests that the process occurs spontaneously.
The change in enthalpy (ΔH°) was +51.6 kJ/mol which suggests that sorption of HA to
nanophase hematite is an endothermic process. The change in entropy (ΔS°) was near
zero (0.275 kJ/mol).
The adsorption of HA to bulk hematite was similarly described as a spontaneous
process with ΔG° ranging from −28.5 to −31.3 kJ/mol, but as an exothermic reaction with
a ΔH° of −60.7 kJ/mol (Table 8). The difference in exothermic/endothermic sorption
behavior of bulk and nanophase hematite may be the result of a change in the degree of
surface hydration disruption with decreasing particle size. The disruption and release of
well-defined solvent shells (i.e. water) during complexation processes generates positive
ΔH° and ΔS° values (De et al., 2009). A greater degree of surface interaction between
nanophase hematite and HA compared to bulk hematite would release a larger amount of
hydration water from the binding surface and may result an overall endothermic sorption
process. The endothermic nature of nanophase hematite sorption would also suggest that
warming should promote the sorption of HA to nanophase hematite and not hinder it like
in the case of bulk hematite.
To better understand the effects of warming, the Langmuir sorption coefficient (K)
and the maximum sorption capacity (Qmax) can be used to describe the sorption behavior
of HA to nanophase hematite. The relationships between K and Qmax for bulk and
nanophase hematite are shown in Figure 21. As temperature increases, the K for
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nanophase hematite generally increases which suggests higher affinity interactions
between the mineral and organic substrates. The increase in K with warming is consistent
with the endothermic nature of the sorption process as the introduction of heat would be
expected to promote the reaction. As temperature increases, the K for bulk hematite
generally decreases which suggests lower affinity sorption and that sorption is
exothermic (Fig. 21). There was no significant difference between the K values for bulk
and nanophase hematite.
As temperature increases, no relationship with Qmax emerges for nanophase
hematite (Fig. 21). The high Qmax value at 15°C appears to challenge this interpretation
and would suggest a decrease with Qmax with warming, but a Student t-test showed no
significant differences between the Qmax values at 15°C and 30°C (p=0.09). Taking into
consideration the possible outlier at 15°C, the Qmax of HA to nanophase hematite appears
to be constant at ~300 mg C/g. Our interpretation of a temperature-independent Qmax is
further supported by our particle size analysis results. The hydrodynamic diameter of
nanophase hematite in the presence of HA is independent of temperature (Fig. 19). A
relatively constant average hydrodynamic particle diameter may suggest that little to no
aggregation occurred and therefore the available surface area for sorption is unchanged.
The Qmax for bulk hematite was similarly temperature-independent (Fig. 21).
A comparison between the Qmax (Fig. 22) values for bulk and nanophase hematite
suggests that particle size can play an important role in MOA formation. On a mass basis,
nanophase hematite adsorbs nearly two orders of magnitude more HA than bulk hematite
(Fig. 22A). On a surface area basis, nanophase hematite still has a higher adsorption
extent of HA but the differences are within one order of magnitude (Fig. 22B). These
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results suggest that particle size distribution changes with climate changes may be more
likely to affect MOA formation than sorption temperature. The effects of climate
warming on MOA formation may be indirect through the promotion of weathering of
existing particles and precipitation of new particles. Warming promotes the physical and
chemical breakdown of rocks and minerals which would increase the abundance of
smaller (nanophase) hematite particles. Similarly, increasing temperatures can promote
chemical reactions which would result in more rapid precipitation of nanophase hematite.
A shift in particle size distribution towards the smaller particle sizes would then affect the
amount of iron-protected SOM.
Sorption reactions, particularly those involving nanophase minerals, can be
sensitive to changes in the ionic concentration and composition of the solution. We
speculate that increasing the ionic concentration and changing the cation (Na+ vs. Ca2+)
may change the values for K and Qmax, but not affect their trends with warming. An
increase in ionic concentration and/or a change in cation valency may lead to the
aggregation of the nanophase hematite due to a compression of the electric double layer.
As a result of the reduced surface area (due to aggregation), we expect Qmax to decrease.
Qmax is speculated to remain temperature-independent, because temperature affected
further aggregation (i.e., the average hydrodynamic particle size) equally (Fig. 19). A
change in the ionic composition (monovalent vs. divalent) of the solution may change the
K values due to potential shifts in the sorption mechanisms (promotion of cation bridging
and electrostatic forces). The trend with K and temperature is expected to remain the
same (endothermic process), because large releases of hydration water at the binding sites
are still needed for sorption to occur.
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4.5

Conclusions
The thermodynamics of sorption can be altered through particle size. We reported

the adsorption of HA by nanophase hematite to be a spontaneous and endothermic
process while the adsorption by bulk hematite has been reported as an exothermic
process. The extent of adsorption appears to be controlled more by available sorption
sites or surface area than by an abiotic variable like temperature. As a result, the size of
the “rusty carbon sink” appears not to be influenced by temperature directly. The
influences of temperature are rather indirect through processes that may affect the
distribution of particle sizes such as weathering or precipitation reactions.
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Table 8. The Langmuir model parameters for the adsorption of soil humic acid to nanophase hematite derived from the slopes and
intercepts of the Lineweaver–Burk linearization of the Langmuir equation. The conversion of K to a dimensionless form followed
Zhou & Zhou (2014). The dimensionless K was used to derive the thermodynamic parameters through the Gibbs free energy equation
and the van’t Hoff plot. Values in parentheses are one standard deviation from the mean (n = 3).
Temperature (°C)

Nanophase
Hematite

Bulk
Hematiteb

a

K (– 103)

a

Qmax (mg C/g)

a

ΔG° (kJ/mol)

a 2

R

15

83.1 (13.0)

437 (62)

–27.4 (0.3)

0.926

20

181 (29)

313 (21)

−29.8 (0.2)

0.855

25

393 (43)

258 (7)

−32.3 (0.1)

0.892

30

143 (20)

351 (28)

−30.2 (0.2)

0.868

35

507 (64)

236 (5)

−34.0 (0.1)

0.892

15

228.3 (2.1)

4.59 (0.38)

–29.9 (0.02)

0.842

20

327.4 (19.7)

3.60 (0.26)

−31.3 (0.15)

0.829

25

220.5 (6.4)

3.51 (0.25)

−30.8 (0.07)

0.857

30

78.0 (5.2)

4.73 (0.93)

−28.7 (0.17)

0.804

35

59.6 (12.6)

6.69 (2.28)

−28.5 (0.56)

0.803

a

Regression fitting for the linear Langmuir model b Regression fitting for the van’t Hoff plot

b

With permission from Nguyen et. al (2018)
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b

ΔH° (kJ/mol)

ΔS° (kJ/mol)

b 2

51.6 (1.4)

0.275 (0.045)

0.527

−60.7 (9.9)

−0.105 (0.033)

0.744

b

R

Figure 18. The kinetics for the adsorption of humic acid to nanophase hematite at 15°C.
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Figure 19. The hydrodynamic diameter for nanophase hematite at five temperatures in
the presence of humic acid at equilibrium (10 mM NaCl, pH ~5). n=3
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Figure 20. The adsorption of humic acid to nanophase hematite was measured at five
temperatures and plotted as adsorbed C against equilibrium C concentration (Ce). The
sorption isotherms were best described by the Langmuir model. n=4
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Figure 21. The maximum sorption capacity (Qmax) and sorption coefficient (K) for the
adsorption of humic acid to nanophase hematite at five temperatures. Plotted values
represent the mean with standard error bars (n=3).
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Figure 22. The maximum sorption coefficient (Qmax) for the adsorption of humic acid to
normalized to (A) mass and (B) surface area at five temperatures. With permission from
Nguyen et. al (2018). n=3
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CHAPTER 5
CONCLUSIONS
Considering climate changes, such as global warming, it is important to understand
how current reservoirs of carbon will respond to temperature fluctuations. Carbon sinks
can potentially hold the key to regulating or mitigating rapid climate changes by
preserving carbon for the foreseeable future. This dissertation focused on better
understanding the response of the soils and sediments reservoir, specifically the “rusty
carbon sink,” to climate warming.
In Chapter 2, the sorption behavior of SOM to bulk or micron-sized hematite was
found to be nearly independent of temperature as it pertains to sorption capacity. This
study suggested that the formation of MOAs might be less sensitive to climate warming
than previously thought. The composition of SOM may affect sorption more than
temperature. The amount of iron oxide-MOAs may continue to be unchanged.
In Chapter 3, the stability of iron oxide-MOAs was evaluated as a function of soil
organic matter composition and sorption temperature. This study suggested it is not
sorption temperature that affects stability the biological or thermal stability of MOAs, but
rather soil organic matter composition. Iron oxides may continue to serve as a reliable
mechanism for the preservation of SOM.
In Chapter 4, the sorption behavior of SOM to nanophase hematite was found be
independent of temperature despite differences in thermodynamic properties of the
systems. The nanophase mineral adsorbed more SOM on a mass and surface area basis
highlighting the importance of particle size in sorption. This study suggested that
temperature is more likely to have indirect effects on the formation of iron oxide-MOAs
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(more weathering and rapid precipitation reactions can shift the particle size distribution
of iron oxides towards the smaller sizes and thus promote more sorption) than direct
effects such as sorption.
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